Abstract. A recent analysis of cosmic ray air showers observed at the Pierre Auger Observatory indicates that nearby starburst galaxies (SBGs) might be the cause of ∼ 10% of the Ultra-High-Energy Cosmic Ray flux at energies E > 39 EeV. Since high energy neutrinos are a direct product of cosmic ray interactions, we investigate SBGs as a possible source of some of the 0.1-1 PeV neutrinos observed at IceCube. A statistical analysis is performed to establish the degree of positional correlation between the observed neutrinos and a set of nearby, radio-and infrared-bright SBGs. Our results are consistent with no causal correlation. However, a scenario where ∼ 10% of the neutrino data are coming from the candidate SBGs is not excluded. The same conclusion is reached for two different IceCube data sets (and their subsets, including shower-like and track-like events), as well as two different subsets of SBGs motivated by the Pierre Auger Observatory analysis.
Introduction
The Ultra-High-Energy Cosmic Rays (UHECR) that the Earth constantly receives from space are the most energetic particles ever observed (see, e.g. [1, 2] for an introduction). They are mainly hadrons (protons and/or atomic nuclei) with energies exceeding the EeV scale [3] . A long-standing goal is to identify the astrophysical sources of the UHECR and, ultimately, understand the acceleration mechanisms that take place there.
In the last five years, cosmic ray physics has entered the multi-messenger era, where cosmic ray and gamma ray data are being complemented by detections of gravitational waves [4] and neutrinos. About 100 neutrinos, with energies 0.1 − 1 PeV, have been detected by the kilometer-scale experiment IceCube since 2013 [5] . Most of these neutrinos have likely originated from cosmic rays, having been produced in the collision of cosmic rays with ambient protons or photons, either in the sources themselves, or in the medium between the sources and the Earth. Considering that neutrinos propagate unabsorbed and undeflected over cosmological distances, they are ideal probes of the sites and origin of high energy particle acceleration.
Ultimately, the definitive answer to the question of the origin of the UHECR and the high energy neutrinos will be given by an evidence of positional correlation of the observed particles with candidate sources. Therefore, searches for correlations are crucial, and intense multi-messengers searches are ongoing on this front. Recently, an analysis of the data of the Pierre Auger Observatory [6] (we will refer to this paper as AUG from here on) showed an indication of positional correlation of the highest energy cosmic rays with Starburst Galaxies (SBGs), which are characterized by exceptionally high rates of star-formation. Specifically, for the particles with (observed) energies E > 39 EeV, a model with 9.7% of the UHECR flux from nearby SBGs (and the remaining 90.3% isotropic) was found to be favored, with 4σ significance, over a completely isotropic scenario. About 90% of the anisotropic flux was found to be attributable to four nearby SBGs: NGC 4945, NGC 253, M83, and NGC 1068. The AUG claim was checked in a new analysis of the Telescope Array (TA) data [7] , which gave results consistent with both the AUG anisotropy and with complete isotropy. An independent analysis of the Pierre Auger Observatory data, employing a joint fit of cosmic ray arrival directions and energy spectra, reached conclusions that are broadly consistent with AUG [8] .
The Auger/TA results renew the interest in SBGs as possible cosmic ray and neutrino sources. Theoretically, they are well motivated (see e.g., [9, 10] ). Indeed, they host episodes of extremely efficient star-formation, which causes high rates of core collapse supernovae. The resulting supernova ejecta propagate into the interstellar gas, producing shocks where cosmic ray acceleration and neutrino production takes place. Observationally, positional coincidences between the neutrino arrival directions and nearby SBGs were noticed early on [11] . In a statistical analysis, three of us [12] found an excess -although not significant -of coincidences compared to the prediction in absence of a causal relationship. Overall, statistical analyses of coincidences [12] [13] [14] constrain the contribution of SBGs to tens of per cent of the total astrophysical neutrino flux, which is in agreement with arguments of consistency between the IceCube data and gamma ray observations [15, 16] (see also [10, 17, 18] ). However, the situation of neutrino analyses is still open to including new data, and to including various uncertainties on the consistency argument (see, e.g., [19, 20] ). Hence, an update in the light of the AUG result is in order.
In this paper, such an update is presented. There are two main elements of novelty. First, we obtain a new compilation of SBGs that extends the one used in the AUG paper to the southern hemisphere. This is especially important, considering that a large fraction of the neutrino data is located in that part of the sky. Secondly, we use the latest published IceCube data to test for positional associations of the neutrinos with this expanded set of SBGs. The results can be directly compared to those in AUG, and therefore they serve as a natural complement to it, adding one more piece of information to the general multimessenger landscape. In sec. 2, a description of the method and of the data used is given; our results are presented in sec. 3, followed by a brief discussion in sec. 4 . More details on our SBGs compilation are available in Appendix A.
Data and methodology
We consider the two most extended sets of IceCube data that are publicly available. The first is the 6-year data set of high-energy starting events (HESE) [21] [22] [23] , which refers to candidate neutrino detections ("events") for which the neutrino interaction vertex is located inside the fiducial volume of the detector. For each event, the detector gives the topology as track-like (mainly charged-current interactions of muon neutrinos) or shower-like (all other types of interactions), the measured energy and the arrival direction. The latter has a median angular error which is of O(1 • ) for track-like and O(10 • ) for shower-like events [21] [22] [23] . Out of a total of N ν = 79 HESE events, 58 are shower-like. It is also estimated that N b = 40.8 +18.7 −11.2 events are due to background (see [23] for details).
The second set is the 6-year list of N ν = 29 track-like events [24] , with their vertex either inside or outside the fiducial volume. For this event sample, the detector field of view is restricted to the Northern Hemisphere.
In the main analysis of AUG ( Table 1 in the AUG paper), 23 SBGs are considered. They were obtained by selecting, from a 3-year Fermi-LAT catalog [25] , the objects that are closest (distance d < 250 Mpc) and brightest (flux density larger than 0.3 Jy at frequency f = 1.4 GHz 1 ). This list is incomplete in the southern hemisphere (declination δ −35 • ). The authors of AUG examined other SBGs lists as well -specifically those in the Fermi-LAT Third Source Catalog [26] and in the catalog by Becker et al. [27] (see Appendix A) -to further corroborate the anisotropy result, which indeed turned out to be robust. Still, however, all of the SBGs lists in AUG were incomplete to some extent, especially in the southern hemisphere 2 .
Here we elaborate on the AUG approach of using SBGs from the Becker et al. catalog [27] by extending it to the southern hemisphere. Specifically, the extension was obtained by a two-step process that involved extracting far infra-red observations of galaxies from the IRAS Revised Bright Galaxy sample [31] , and combining them with radio data from the Australia-based HI Parkes All Sky Survey [32] . Only sources with radio flux densities larger than 0.3 Jy at f = 1.4 GHz (to match the selection of AUG) were included in our final compilation (see Appendix A for more details). The result of this selection process is a set of 45 SBGs, that are listed in Table 1 . The set includes the 4 major contributors to the AUG anisotropy, and all but two 3 of the SBGs that appear in Table 1 of AUG. Fig. 1 (left panel) shows the distribution of the candidate sources and of the HESE neutrino data points in the sky, in Equatorial coordinates. The Galactic plane is shown as well.
The statistical analysis is done using a likelihood ratio method, as outlined in [12] . Here the basics of the method will be summarized. For each neutrino data point, i (i = 1, 2, ..., N ν ), the statistical variable of interest is the normalized angular distance to the closest candidate source:
Here, S ij is the angular distance from the neutrino i to the candidate j, and σ i is the angular error on the neutrino position (the error on the position of SBGs is negligible here). A positional coincidence is defined as r < 1 (the index i will be dropped from now on, for brevity). If the candidate sources are indeed a cause of the neutrino flux, the number of coincidences -and, more generally, the number of data points with r 3 -should be larger than the number expected in the "null case", which is the scenario where the candidate sources are simply distributed uniformly in the sky with no causal connection to the neutrinos. The distribution of r expected in the null case can be calculated either by Monte-Carlo simulation or analytically, as a sum over the neutrino data points (see [12] ).
Results
The main result of our analysis is shown in fig. 1 (right panel) . It presents the distribution of r for the HESE neutrino data and for the null case. The number of observed coincidences is N c = 25, only slightly lower than the prediction in the null hypothesis. The probability (p-value) that a number at least this large is realized in the null case is p 0.72. Overall, the r-distribution is consistent with the one expected in the null case (also shown in fig.  1 ), leading to the conclusion that there is no indication of causal association of the HESE IceCube neutrino data with the nearby SBGs in the considered sample. We checked that a similar degree of consistency with the null case is found when restricting the analysis to the original SBGs list in AUG. Therefore, our conclusion is robust. We also find good agreement with the null case when different bin sizes for the histogram in fig. 1 are used. For example, using a bin size ∆r = 0.5, the number of data points in the first 4 bins are N = 12, 13, 6, 7, to be compared with N 10.0, 16.5, 13.1, 8.3 expected in the null hypothesis.
A useful comparison might be with a hypothetical scenario where 10% of the neutrino events is from the candidate sources. These events would cause an excess at r 2, relative Also shown is the set of SBGs considered in the analysis. For these, different markers are used to distinguish the galaxies that appear in the primary analysis of the Pierre Auger collaboration paper (Table 1 in [6] ). Right: The distribution of the minimum normalized angular distance, r, for the data and for the null case, see Sec. 2.
to the null case. Assuming that this excess is equally distributed between the first two bins, we find that in this case the number of neutrino events with 0 < r ≤ 1 and 1 < r ≤ 2 would be N c 28 and N 23, respectively, which would be somewhat in tension with the data, but overall consistent with them to within ∼ 3σ confidence level. Therefore, this scenario is not excluded.
One may wonder if the sensitivity of the analysis suffers from considering a relatively large number of candidate sources, when in fact only 4 objects (in bold in Table 1 ) were identified in AUG as accounting for most of the observed anisotropy. As a further test, we repeated the analysis using the latter subset. Results are, again, consistent with the null case: taking bins of width ∆r = 1, the number of data points in the first 2 bins are N = 7, 6, whereas for the null hypothesis the prediction is N 4.2, 9.2. If 10% of the events were due to the 4 candidate sources, and if they were equally distributed among the first two bins, then the predicted number of neutrino events in those bins would be N c 8 (for 0 < r ≤ 1) and N 12 (for 1 < r ≤ 2), which are in acceptable agreement with the observed counts, although with some tension in the second bin.
In the same spirit of restricting the investigation to the (potentially) most relevant data, we have also repeated the analyses above for subsets of the neutrino HESE data with higher observed energies: E obs > 50, 100, 150 TeV, corresponding to a number of neutrino events N ν = 57, 28, 19, respectively 4 . Events with higher observed energy might be more likely to be of astrophysical origin, since atmospheric background fluxes are expected to be stronger at lower energy. In all cases, the results are consistent with the null hypothesis.
Let us now discuss the analysis -done with the same method outlined above -for the set of track-like neutrino events from [24] and the SBGs in Table 1 . We find zero coincidences, N c = 0. The two minimum values of r are r = 3.0, 5.7, for the candidate sources NGC6240 (neutrino event number 6, observed energy E obs = 770.0 TeV) and Arp220 (neutrino event number 12, E obs = 300.0 TeV), respectively. In the null case, the expected number of data points with r < 6 is N 2, leading again to the conclusion that the data are consistent with random, non-causal positional association. The 10% hypothesis described above is again disfavored, but not excluded, predicting N 3 in the interval 0 < r ≤ 2, with the observed number (N = 0) having a probability P 0.05 of being realized.
Discussion and conclusion
To summarize, we find that there is no indication of a causal correlation between the neutrino data in the two published IceCube sets and the nearby starburst galaxies considered in AUG. Due to the limited statistics, and to the large errors on the direction of the shower-like neutrino events, a fraction of causally correlated events in the detector at the level of ∼ 10% -which is approximately the size of the effect found in AUG -is marginally allowed by both data sets.
Our result is in agreement with previous multimessenger studies where the contribution of SBGs to the IceCube neutrino data is constrained to be at the level of tens of per cent or less (see, e.g., [15] ). More broadly, it is also consistent with two other arguments: (i) the constraints on the neutrino luminosity of certain individual SBGs, obtained from their gamma-ray spectra under naturalness assumptions; and (ii) the fact that, if the neutrino production rate tracks the star-formation rate, most of the detected neutrino flux should be of cosmological origin, with the contribution of nearby (z < 0.03) individual sources being only a few per cent at most (or up to a ∼ 10% contribution when relaxing the assumptions on the cosmological evolution of the source population). We refer to [12] for a more extended discussion of these points.
Future analyses with a larger number of neutrino data will be able to further constrain the allowed contribution of nearby SBGs. It is possible that the AUG anisotropy will be established and confirmed to be due to SBGs, and at the same time the neutrino flux from the same sources will be constrained to a much smaller fraction. Such situation could be explained by the neutrino flux being mostly cosmological (whereas the short mean free path of the UHECR suppresses their cosmological flux), as we have discussed. It may also favor scenarios with suppressed pion (and, therefore, neutrino) production efficiency, which can be realized depending on the properties of a galaxy (gas density, galactic wind, etc.), see, e.g., [18] for a discussion.
In conclusion, the question of the role of nearby starburst galaxies in the production of UHECR and neutrinos remains fairly open at this time. It is likely that significant advancements on this front will require disentangling contributions of several classes of objects to the neutrino flux, through extensive multi-year, multi-messenger campaigns that will lead us into the next decade.
A Starburst galaxies catalogs and selection criteria
In this appendix, details are given on how the list of SBGs considered here (Table 1) was obtained. For comparison, let us first summarize the approach and data in the AUG paper. The primary result there was obtained using the Fermi SBG catalog, but other data sets were also tested with results (i.e., a significant anisotropy) consistent with the primary analysis. Below the different SBGs sets are described briefly. They are:
• A selection of SBGs searched for in gamma-ray emission with Fermi-LAT [25] . In the search, a set of SBGs was compiled from a survey of the dense molecular gas tracer, HCN [33] . This HCN survey is statistically complete for northern galaxies (declination δ ≥ −35 • ) with flux density at far-infrared (FIR) wavelength λ = 100µm of S 100µm ≥ 100 Jy (corresponding to, approximately, a flux density S 60µm > 50 Jy at λ = 60µm). However, the full SBGs set includes additional, fainter SBGs (S 60µm < 50 Jy), which were used to establish the relationship between HCN luminosities and star formation rates over a wide range of FIR luminosities (see [33] for more details). Therefore, the full data set is not complete, and it does not fully satisfy the assumption of a uniformly sampled all-sky distribution (which is required by our method of analysis).
• The Fermi-LAT Third Source Catalog (3FGL) [26] , from which the list of the 6 SBGs observed in gamma rays (NGC 253, M82, NGC 4945, NGC 1068, Circinus 5 , NGC 2146) was obtained.
• the 2009 catalog by Becker et al. [27] . These authors use the FIR flux as a proxy for star-formation. Certain criteria were required for inclusion in the catalog, to ensure its completeness and to remove contamination from other astrophysical objects. They are:
(1) a FIR flux density of S 60µm > 4 Jy, (2) a radio flux density of S 1.4GHz > 20 mJy, (3) a ratio of FIR to radio flux densities of S 60µm /S 1.4GHz > 30. (4) An additional constraint on the redshift of z < 0.03 (distance D < 130 Mpc), was placed to ensure that the SBGs were locally within the Super-Galactic plane [34, 35] . The radio fluxes were extracted from the NRAO VLA Sky Survey (NVSS) [36] , which is limited in declination to δ > −40 • . Therefore, the Becker et al. compilation has a similar restriction in declination. It differs from Fermi SBGs set largely in its distance requirement and its all-sky completeness.
We took a fresh look at the problem of producing a sample of candidate SBGs as detailed and complete as possible. While the majority of IceCube neutrino events fall within the southern hemisphere, current SBGs catalogs are missing coverage in the crucial declinations of δ < −40 • , due to a lack of radio surveys in that region (e.g. in HCN, or in the 1.4 GHz continuum). With the motivation to correct for this shortage, we turned to the Continuum HI Parkes All Sky Survey (CHIPASS) to extract the flux densities at f = 1.4 GHz for the brightest SBGs located at the most southern declinations. Essentially, the plan was to follow the same procedure that led to the Becker et al. catalog, with the additional 1.4 GHz measurements for sources with S 1.4GHz > 0.3 Jy from the CHIPASS. The end goal here is to extend the galaxy sample that was used in AUG to include sources of δ < −40 • . 5 Circinus is not included in the list of SBGs that result from our selection criteria (discussed below, see Table 1 ). This might due to Circinus being located within 10
• from the Galactic Plane, where FIR and radio obscuration is strong.
Here we briefly introduce the CHIPASS. It is a survey covering the Equatorial and Southern sky at δ < +25 • with the Parkes telescope, a single dish of 64 m in diameter located in Australia. The relatively poor angular resolution, 14.4 at 1.4 GHz, results in the image sensitivity being limited by confusion noise of σ c = 0.03 Jy/beam. Hence, we expect our flux measurements to be somewhat beam-diluted, since the angular sizes of nearby galaxies are roughly 10 or less. However, the brightest galaxies, presumably contributing most to the neutrino and/or UHECR flux, would not be much affected by this dilution. Furthermore, by employing criterium (3) above, we strongly reduce the possibility of e.g. chance radio galaxies contaminating the radio flux of the sources.
As a first step towards creating a new set of SBGs, we used the IRAS Revised Bright Galaxy sample to identify the galaxies that are brightest at FIR frequencies. We imposed the same condition as in [27] on the FIR flux density, see criterion (1) above. In this way, a set of 195 SBGs (Set 1) was obtained.
For each candidate galaxy in Set 1, we reprojected the CHIPASS image [37] on a 15 • ×15 • region centered at the object's coordinates. We then integrated the 1.4 GHz flux density within a circular aperture of width two times the beam full-width at half-maximum (i.e. 28.8 ). Instead of the criterion (2) above on the flux density, a stronger condition was required, namely S 1.4GHz > 0.3 Jy at f = 1.4 GHz, to match the one used in AUG. Finally, the conditions (3) and (4) as in [27] were imposed. The resulting list, Set 2, contained 13 SBGs. Finally, the union of Set 2 and the corresponding selection from the Becker et al. catalog was taken, producing the final list of 45 starburst galaxies shown in Table 1 Table 1 . The starburst galaxies used in this work, with their Equatorial coordinates (in degrees) and their flux densities at 1.4 GHz and 60µm. The flux extracted from CHIPASS has a maximum error of ∼ 20%. Asterisks mark the galaxies of our Set 2, which were not included in the AUG analysis. The four SBGs that contribute the most to the AUG anisotropy are marked in bold.
